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Living tissues undergo wetting transitions: On a surface, they can either form a droplet-like cell aggregate
or spread as a monolayer of migrating cells. Tissue wetting depends not only on the chemical but also on the
mechanical properties of the substrate. Here, we study the role of substrate stiffness in tissue spreading, which
we describe by means of an active polar fluid model. Taking into account that cells exert larger active traction
forces on stiffer substrates, we predict a tissue wetting transition at a critical substrate stiffness that decreases
with tissue size. On substrates with a stiffness gradient, we find that the tissue spreads faster on the stiffer
side. Further, we show that the tissue can wet the substrate on the stiffer side while dewetting from the softer
side. We also show that, by means of viscous forces transmitted across the tissue, the stiffer-side interface can
transiently drag the softer-side interface towards increasing stiffness, against its spreading tendency. These two
effects result in directed tissue migration up the stiffness gradient. This phenomenon — tissue durotaxis —
can thus emerge both from dewetting at the soft side and from hydrodynamic interactions between the tissue
interfaces. Overall, our work unveils mechanisms whereby substrate stiffness impacts the collective migration
and the active wetting properties of living tissues, which are relevant in development, regeneration, and cancer.
I. INTRODUCTION
In embryonic development, wound healing, and tumor
progression, epithelial cells migrate collectively in cohesive
groups [1]. To study the mechanics of collective cell migra-
tion, extensive research has focused on the spreading of ep-
ithelial tissues in vitro [2]. For example, when a cell aggre-
gate is placed on a surface, it may retain a spheroidal shape
or it may spread by extending a cell monolayer [3, 4]. Simi-
lar situations are found in vivo, for example during the epiboly
process in zebrafish embryogenesis [5, 6]. In analogy with the
wetting of a liquid drop, the spreading of cell aggregates was
proposed to rely on a competition between cell-cell and cell-
substrate interactions [7–10]. In experiments, these surface
interactions were varied by tuning the expression level of cell-
cell adhesion proteins and by modifying the chemical coating
of the substrate, respectively. Expectedly, these changes can
induce a wetting transition between a three-dimensional cell
aggregate and a spreading cell monolayer — the equivalents
of a drop and a precursor film, respectively [8].
However, the wetting behavior of a living tissue is not com-
pletely analogous to that of an inert liquid. The ability of cells
to polarize and exert traction forces to migrate on a substrate
turns a tissue into an active material, fundamentally chang-
ing the physics of tissue wetting [11]. Moreover, cells sense
and respond to the mechanical properties of their environment
[12–14]. As a consequence, substrate stiffness affects the wet-
ting properties of living tissues. Specifically, cell monolayers
dewet from very soft substrates [15] but wet stiffer substrates
[16, 17]. In a reminiscent in vivo situation, the developmental
stiffening of a tissue triggers the collective migration of neural
crest cells required for embryo morphogenesis [18].
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Besides affecting tissue wetting, substrate elasticity also in-
fluences the coordination and guidance of collective cell mi-
gration [19–25]. Most strikingly, cell monolayers can migrate
towards increasing substrate stiffness [26], a behavior known
as tissue durotaxis.
How do these different collective phenomena emerge from
the interplay between the mechanical properties of the sub-
strate, cellular forces, and cell-cell interactions? Here, we
address this question theoretically. We generalize an active
polar fluid model of tissue spreading to account for the adapta-
tion of cellular traction forces to substrate stiffness. This way,
we predict a critical substrate stiffness for tissue wetting as a
function of active cellular forces and tissue size. Consider-
ing a stiffness gradient, we numerically obtain that the tissue
spreads faster on the stiffer region, reproducing experimen-
tal observations [26]. Moreover, we also unveil two mecha-
nisms for tissue durotaxis. First, the tissue interface on the
stiffer side can wet the substrate while the softer-side inter-
face dewets from it. Second, through the transmission of hy-
drodynamic forces across the tissue, the stiffer-side interface
can drag the softer-side interface towards increasing stiffness,
counteracting its local spreading tendency. We analytically
predict the presence or absence of this dragging effect as a
function of the stiffness gradient, the size of the tissue, and its
position on the gradient.
II. THEORETICAL MODEL
We base our analysis on a continuum active polar fluid
model for the spreading of an epithelial monolayer, which is
thus described in terms of a polarity field ~p(~r, t) and a veloc-
ity field ~v(~r, t) in two dimensions [11, 27]. We neglect cell
proliferation as well as the bulk elasticity of the cell mono-
layer, which eventually limit the spreading process [28–31].
Tissue spreading is driven by the traction forces exerted by
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2cells close to the monolayer edge, which polarize perpendic-
ularly to the edge to migrate towards free space. In contrast,
the inner region of the monolayer remains essentially unpo-
larized, featuring much weaker and transient traction forces
[11] (Fig. 1A). Hence, we take a free energy for the polarity
field that favors the unpolarized state p = 0 in the bulk, with
a restoring coefficient a, and we impose a normal and maxi-
mal polarity as a boundary condition at the monolayer edge.
In addition, the polar free energy includes a cost for polarity
gradients, with K the Frank constant of nematic elasticity in
the one-constant approximation [32]. Altogether,
F =
∫ [
a
2
pαpα +
K
2
(∂αpβ)(∂αpβ)
]
d3~r. (1)
We assume that the polarity field is set by flow-independent
mechanisms, so that it follows a purely relaxational dynamics,
and that it equilibrates fast compared to the spreading dynam-
ics [11]. Hence, δF/δpα = 0, which yields
L2c∇2pα = pα, (2)
where Lc =
√
K/a is the characteristic length with which the
polarity modulus decays from p = 1 at the monolayer edge to
p = 0 at the center (red shade in Fig. 1A).
Then, force balance imposes
∂βσαβ + fα = 0, (3)
where σαβ is the stress tensor of the monolayer, and fα is
the external traction force density acting on it. We relate
these forces to the polarity and velocity fields via the follow-
ing constitutive equations for a compressible active polar fluid
[11, 33]:
σαβ = η (∂αvβ + ∂βvα)− ζpαpβ , (4a)
fα = −ξvα + ζipα. (4b)
Here, η is the monolayer viscosity, and ξ is the cell-substrate
friction coefficient. Respectively, ζ < 0 is the active stress co-
efficient accounting for the contractility of polarized cells, and
ζi > 0 is the contact active force coefficient accounting for the
maximal traction stress exerted by polarized cells on the sub-
strate, T0 = ζih, with h the monolayer height (Fig. 1A).
To model cellular response to substrate properties, we as-
sume that the parameters of cell-substrate interactions depend
on substrate stiffness. Tissue cells tend to exert larger trac-
tion forces on stiffer substrates [12–14, 34–41]. Many studies
have explained this response by simply assuming that intra-
cellular force is exerted on an in-series connection of two lin-
ear elastic media, namely the substrate and the attached cellu-
lar structures, with Young’s modulus E and E∗, respectively
[37, 39, 42–45]. Following them, we take cell-substrate forces
that depend on substrate stiffness as (Fig. 1B)
T0(E) = T
∞
0
E
E + E∗
, ξ(E) = ξ∞
E
E + E∗
, (5)
where T∞0 and ξ∞ are the maximal active traction stress and
friction coefficient on an infinitely stiff substrate, respectively.
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Figure 1. Active polar fluid model of tissue wetting. (A) Scheme of
the model. From [11]. (B) The magnitude of traction forces increases
with substrate stiffness, Eq. (5). Parameter values are in Table I.
This minimal approach neglects some aspects of the cel-
lular response to the mechanical properties of the substrate.
First, we focus on purely elastic substrates; we do not consider
substrate viscoelasticity, which also affects cellular and tissue
forces [46–51]. Second, we do not explicitly account for the
substrate deformation field, which could mediate long-range
3Symbol Description Estimate
h monolayer height 5 µm [11]
Lc nematic length 25 µm [11, 27]
T∞0 maximal traction 1 kPa [11, 27]
−ζ intercellular contractility 20 kPa [11]
ξ∞ maximal friction coefficient 2 kPa·s/µm2 [55]
η monolayer viscosity 80 MPa·s [11, 27]
λ∞ minimal hydrodynamic screening length 200 µm (
√
η/ξ∞)
E∗ characteristic cellular stiffness 70 kPa [16]
E′ stiffness gradient 50 kPa/mm [26]
E0 stiffness offset (soft edge) 20 kPa [26]
Table I. Estimates of model parameters.
elastic interactions between cells [19, 52]. However, a depen-
dence very similar to Eq. (5) and Fig. 1B was obtained when
accounting for the non-local substrate elasticity [53]. Finally,
cell-cell and cell-substrate adhesions are coupled through the
actin cytoskeleton, and hence they may exhibit mechanical
crosstalk. However, the influence of substrate stiffness on
cell-cell interactions [11, 17, 20, 24, 54] remains poorly un-
derstood. Thus, for the sake of simplicity, we assume a stiff-
ness-independent intercellular contractility ζ.
III. RESULTS AND DISCUSSION
A. Wetting transition
In this section, we study the effect of substrate stiffness on
the tissue wetting transition. We consider a circular cell mono-
layer spreading radially (Fig. 1A), such as those extending
from spheroidal cell aggregates [4]. In addition to a maximal
normal polarity at the edge, ~p(R) = rˆ, we impose a stress-free
boundary condition, σrr(R) = 0, with R the monolayer ra-
dius. Then, neglecting cell-substrate viscous friction (ξ → 0),
the model Eqs. (2) to (5) can be solved analytically [11]. Thus,
we obtain the spreading velocity V = vr(R) = dR/dt, and
hence the spreading parameter [4] S = ηV . For Lc  R,
which is the case in most experiments, it reads
S ≈ T
∞
0 Lc
h
E
E + E∗
(
R− 3
2
Lc
)
+
ζLc
2
. (6)
The spreading parameter increases with substrate stiffness
(Fig. 2A). Therefore, the competition between intercellular
contractility ζ < 0 and stiffness-dependent traction forces
T0(E) > 0 entails the existence of a critical substrate stiff-
ness
Ec ≈ E∗R
∗
∞ − 3Lc/2
R−R∗∞
(7)
above which the tissue spreads (S > 0, wetting) and below
which it retracts (S < 0, dewetting). The spreading param-
eter also increases with tissue size (Fig. 2A), and hence the
B
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Figure 2. Tissue wetting transition induced by substrate stiffness.
(A) The spreading parameter of a cell monolayer increases with sub-
strate stiffness and with tissue size, Eq. (6). The point at which
S = 0 indicates the critical stiffness for tissue wetting at differ-
ent monolayer radii R = 100, 200, 300, 400 µm (blue to green).
(B) The critical stiffness for the wetting transition decreases with
monolayer radius, Eq. (7). Alternatively, the critical radius for tissue
wetting decreases with substrate stiffness, asymptotically tending to
R∗∞ ≈ (−ζh/T∞0 + 3Lc)/2. Parameter values are in Table I.
critical stiffness decreases with monolayer radius (Fig. 2B).
In Eq. (7), R∗∞ ≈ (−ζh/T∞0 + 3Lc)/2 is the critical radius
for tissue wetting unveiled in our previous work [11], which
emerges from the competition between bulk and contact ac-
tive forces. Here, the critical radius decreases with substrate
stiffness,
R∗ ≈ R∗∞ +
E∗
E
(
R∗∞ −
3
2
Lc
)
, (8)
asymptotically tending to R∗∞ for large stiffness (Fig. 2B).
In the following, we compare our prediction (Eq. (7)) to
published experimental results. For example, for cell mono-
4layers of R = 100 µm, and the values of traction and contrac-
tility in Table I, Pe´rez-Gonza´lez et al. observed wetting only
on substrates of E = 30 kPa [11], suggesting that Ec ∼ 30
kPa. Thus, comparing to Eq. (7), we estimate that E∗ ∼ 30
kPa for the cell monolayers of Ref. [11]. In another study,
Douezan et al. reported E∗ ∼ 70 kPa and Ec ∼ 8 kPa for cell
aggregates of radius R ∼ 50 µm [16]. Introducing these val-
ues into Eq. (7), we infer R∗∞ ∼ 5 µm. Taking h ∼ 5 µm, this
value suggests that the intercellular contractility −ζ and the
maximal traction stress T∞0 are of the same order for the cell
aggregates of Ref. [16]. In conclusion, our result explains the
experimental observation of a wetting transition induced by
substrate stiffness [11, 15, 16], and it predicts that the critical
stiffness depends on tissue size. Testing this prediction re-
quires new experiments that, in addition to varying substrate
stiffness, would systematically vary tissue size.
B. Tissue durotaxis
Motivated by recent experiments [26], we consider a rect-
angular cell monolayer spreading on a substrate with a linear
stiffness gradient
E(x) = E0 + E
′x. (9)
We use the terms “stiff edge” and “soft edge” to denote the
tissue interfaces at the stiffer and softer sides of the substrate,
respectively (Fig. 3A). As previously, we impose a normal
maximal polarity at the edges, ~p(x = xstiff, xsoft) = ±xˆ, and
stress-free boundary conditions, σxx(x = xstiff, xsoft) = 0. To
simulate tissue spreading, we analytically obtain the polarity
profile from Eq. (2) and we numerically solve the force bal-
ance equation, Eqs. (3) and (4) with Eqs. (5) and (9), to obtain
the velocity profile vx(x) at each time step. We use a finite dif-
ferences scheme on a grid of n = 1000 points and a time step
∆t = 10 s. Then, we evolve the interface positions accord-
ing to dxstiff/dt = vx(xstiff) and dxsoft/dt = vx(xsoft), from
initial conditions xstiff(0) = L0 and xsoft(0) = 0, respectively.
1. Different wetting states at each monolayer edge
For small intercellular contractility −ζ, active traction
forces drive tissue spreading, which is faster on the stiffer side.
The soft edge moves towards decreasing stiffness; therefore,
its active traction progressively decreases. As a consequence,
the soft edge slows down, tending to stop at the substrate po-
sition for which contractile tension balances traction forces
(Fig. 3B, darker lines).
A larger contractility, however, may overcome the active
traction force at the soft edge but not at the stiff edge. In
this case, the stiff edge advances but the soft edge retracts
(Fig. 3B, lightest lines). Thus, by simultaneously wetting on
the stiff side and dewetting from the soft side, the tissue mi-
grates directionally up the stiffness gradient. Finally, a suffi-
ciently large contractility would induce the retraction of both
edges, thus causing monolayer dewetting. Overall, these re-
sults show that tissue durotaxis can emerge from the different
wetting dynamics of the soft and stiff monolayer edges.
2. Interface dragging by hydrodynamic force transmission
The previous durotactic mechanism is at work regardless
of tissue size. For monolayers wider than the hydrodynamic
screening length λ =
√
η/ξ, viscous stresses do not fully
transmit throughout the tissue because cell-substrate friction
screens hydrodynamic interactions at distances larger than λ
[27]. Therefore, in the limit L0  λ, the soft and stiff edges
move entirely independently. In contrast, for narrower mono-
layers, L0 < λ, both interfaces are strongly coupled.
In the following, we focus on hydrodynamic interactions
between the tissue interfaces. To avoid the wetting effects
explained above, we set ζ = 0. In narrow monolayers, the
active tractions on each edge generate flows that span the en-
tire tissue, thus affecting the motion of the other edge. The
viscous force transmitted this way can overcome the active
traction at the soft edge, outcompeting its spreading tendency
and thereby dragging it towards increasing stiffness. This
dragging effect is transient; the interfaces eventually decou-
ple when the monolayer becomes too wide to sustain edge-
to-edge force transmission (Fig. 3C, darker lines). Accord-
ingly, monolayers that are initially too wide do not experience
dragging at all (Fig. 3C, lighter lines). In conclusion, tissue
durotaxis can result from interface dragging due to the trans-
mission of viscous forces between the two monolayer edges.
To derive the conditions for interface dragging, we consider
the limit in which the width of the polarized boundary layer
of cells is much smaller than the total tissue width, Lc  L0,
which is generally the case in experiments [11, 26, 27]. In
this limit, the active forces are accumulated at the edges, and
therefore enter as boundary conditions:
σxx(xstiff) =
TstiffLc
h
, σxx(xsoft) =
TsoftLc
h
. (10)
Here, Tstiff = T0(E(xstiff)) and Tsoft = T0(E(xsoft)), with
E(x) given in Eq. (9) and T0(E) given in Eq. (5). Then, force
balance reads
dσxx
dx
= ξvx, σxx = 2η
dvx
dx
, (11)
which can be solved analytically. From the solution, we deter-
mine that the initial velocity of the soft edge is positive (drag-
ging) whenever the following condition is fulfilled:
T 0stiff − T 0soft
T 0stiff + T
0
soft
> tanh2
(
L0
2
√
2λ
)
. (12)
Here, T 0stiff = T0(E(L0)) and T
0
soft = T0(E(0)). Thus, in
combination with Eqs. (5) and (9), Eq. (12) specifies the con-
dition for interface dragging in terms of the stiffness gradient
E′, the stiffness offset E0, and the initial monolayer width
L0. Interface dragging is predicted for monolayers narrow
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xsoft<latexit sha1_base64="WRhegtpK81WTkgNo0Kkd+8qnNp U=">AAACAnicbVDLSgNBEJyNrxhfqx49uBgET2FXBD0GvHiMYB6QhDA76U2GzOwsM72SsOxNf0ZPot78BH/Av3ESc9DEOl V3VUNXhYngBn3/yymsrK6tbxQ3S1vbO7t77v5Bw6hUM6gzJZRuhdSA4DHUkaOAVqKBylBAMxxdT/XmPWjDVXyHkwS6kg5i HnFG0a567vG4l3UiFWNEJReTLEGZdxDGmBkVYZ733LJf8WfwlkkwJ2UyR63nfnb6iqUSYmSCGtMO/AS7GdXImYC81EkNJJ SN6ADalsZUgulmsyC5dxop7eEQvNn825tRacxEhtYjKQ7NojZd/qe1U4yuuhmPkxQhZtZitSgVHipv2ofX5xoYiokllGlu v/TYkGrK0LZWsvGDxbDLpHFeCfxKcHtRrvrzIorkiJyQMxKQS1IlN6RG6oSRR/JM3si78+A8OS/O64+14MxvDskfOB/f4Y CY5g==</latexit><latexit sha1_base64="WRhegtpK81WTkgNo0Kkd+8qnNp U=">AAACAnicbVDLSgNBEJyNrxhfqx49uBgET2FXBD0GvHiMYB6QhDA76U2GzOwsM72SsOxNf0ZPot78BH/Av3ESc9DEOl V3VUNXhYngBn3/yymsrK6tbxQ3S1vbO7t77v5Bw6hUM6gzJZRuhdSA4DHUkaOAVqKBylBAMxxdT/XmPWjDVXyHkwS6kg5i HnFG0a567vG4l3UiFWNEJReTLEGZdxDGmBkVYZ733LJf8WfwlkkwJ2UyR63nfnb6iqUSYmSCGtMO/AS7GdXImYC81EkNJJ SN6ADalsZUgulmsyC5dxop7eEQvNn825tRacxEhtYjKQ7NojZd/qe1U4yuuhmPkxQhZtZitSgVHipv2ofX5xoYiokllGlu v/TYkGrK0LZWsvGDxbDLpHFeCfxKcHtRrvrzIorkiJyQMxKQS1IlN6RG6oSRR/JM3si78+A8OS/O64+14MxvDskfOB/f4Y CY5g==</latexit><latexit sha1_base64="WRhegtpK81WTkgNo0Kkd+8qnNp U=">AAACAnicbVDLSgNBEJyNrxhfqx49uBgET2FXBD0GvHiMYB6QhDA76U2GzOwsM72SsOxNf0ZPot78BH/Av3ESc9DEOl V3VUNXhYngBn3/yymsrK6tbxQ3S1vbO7t77v5Bw6hUM6gzJZRuhdSA4DHUkaOAVqKBylBAMxxdT/XmPWjDVXyHkwS6kg5i HnFG0a567vG4l3UiFWNEJReTLEGZdxDGmBkVYZ733LJf8WfwlkkwJ2UyR63nfnb6iqUSYmSCGtMO/AS7GdXImYC81EkNJJ SN6ADalsZUgulmsyC5dxop7eEQvNn825tRacxEhtYjKQ7NojZd/qe1U4yuuhmPkxQhZtZitSgVHipv2ofX5xoYiokllGlu v/TYkGrK0LZWsvGDxbDLpHFeCfxKcHtRrvrzIorkiJyQMxKQS1IlN6RG6oSRR/JM3si78+A8OS/O64+14MxvDskfOB/f4Y CY5g==</latexit><latexit sha1_base64="WRhegtpK81WTkgNo0Kkd+8qnNp U=">AAACAnicbVDLSgNBEJyNrxhfqx49uBgET2FXBD0GvHiMYB6QhDA76U2GzOwsM72SsOxNf0ZPot78BH/Av3ESc9DEOl V3VUNXhYngBn3/yymsrK6tbxQ3S1vbO7t77v5Bw6hUM6gzJZRuhdSA4DHUkaOAVqKBylBAMxxdT/XmPWjDVXyHkwS6kg5i HnFG0a567vG4l3UiFWNEJReTLEGZdxDGmBkVYZ733LJf8WfwlkkwJ2UyR63nfnb6iqUSYmSCGtMO/AS7GdXImYC81EkNJJ SN6ADalsZUgulmsyC5dxop7eEQvNn825tRacxEhtYjKQ7NojZd/qe1U4yuuhmPkxQhZtZitSgVHipv2ofX5xoYiokllGlu v/TYkGrK0LZWsvGDxbDLpHFeCfxKcHtRrvrzIorkiJyQMxKQS1IlN6RG6oSRR/JM3si78+A8OS/O64+14MxvDskfOB/f4Y CY5g==</latexit>
xstiff<latexit sha1_base64="PKEGqh+GhJyd5/b+eVt42MIe5Y 0=">AAACA3icbVDLSsNAFJ34rPVVdelmsAiuSiKCLgtuXFawD2hLmExv2qEzSZi5kZaQpf6MrkTd+Qf+gH/jtGahrWd17j 3nwj0nSKQw6Lpfzsrq2vrGZmmrvL2zu7dfOThsmTjVHJo8lrHuBMyAFBE0UaCETqKBqUBCOxhfz/T2PWgj4ugOpwn0FRtG IhScoV35FTrxs14YRxgyJeQ0S1DlPYQJZgZFGOa5X6m6NXcOuky8glRJgYZf+ewNYp4qiJBLZkzXcxPsZ0yj4BLyci81kD A+ZkPoWhoxBaafzZPk9DSMNcUR0Pn825sxZcxUBdajGI7MojZb/qd1Uwyv+pmIkhQh4tZitTCVFGM6K4QOhAaOcmoJ41rY LykfMc042trKNr63GHaZtM5rnlvzbi+qdbcookSOyQk5Ix65JHVyQxqkSTh5JM/kjbw7D86T8+K8/lhXnOLmiPyB8/ENo1 eZUA==</latexit><latexit sha1_base64="PKEGqh+GhJyd5/b+eVt42MIe5Y 0=">AAACA3icbVDLSsNAFJ34rPVVdelmsAiuSiKCLgtuXFawD2hLmExv2qEzSZi5kZaQpf6MrkTd+Qf+gH/jtGahrWd17j 3nwj0nSKQw6Lpfzsrq2vrGZmmrvL2zu7dfOThsmTjVHJo8lrHuBMyAFBE0UaCETqKBqUBCOxhfz/T2PWgj4ugOpwn0FRtG IhScoV35FTrxs14YRxgyJeQ0S1DlPYQJZgZFGOa5X6m6NXcOuky8glRJgYZf+ewNYp4qiJBLZkzXcxPsZ0yj4BLyci81kD A+ZkPoWhoxBaafzZPk9DSMNcUR0Pn825sxZcxUBdajGI7MojZb/qd1Uwyv+pmIkhQh4tZitTCVFGM6K4QOhAaOcmoJ41rY LykfMc042trKNr63GHaZtM5rnlvzbi+qdbcookSOyQk5Ix65JHVyQxqkSTh5JM/kjbw7D86T8+K8/lhXnOLmiPyB8/ENo1 eZUA==</latexit><latexit sha1_base64="PKEGqh+GhJyd5/b+eVt42MIe5Y 0=">AAACA3icbVDLSsNAFJ34rPVVdelmsAiuSiKCLgtuXFawD2hLmExv2qEzSZi5kZaQpf6MrkTd+Qf+gH/jtGahrWd17j 3nwj0nSKQw6Lpfzsrq2vrGZmmrvL2zu7dfOThsmTjVHJo8lrHuBMyAFBE0UaCETqKBqUBCOxhfz/T2PWgj4ugOpwn0FRtG IhScoV35FTrxs14YRxgyJeQ0S1DlPYQJZgZFGOa5X6m6NXcOuky8glRJgYZf+ewNYp4qiJBLZkzXcxPsZ0yj4BLyci81kD A+ZkPoWhoxBaafzZPk9DSMNcUR0Pn825sxZcxUBdajGI7MojZb/qd1Uwyv+pmIkhQh4tZitTCVFGM6K4QOhAaOcmoJ41rY LykfMc042trKNr63GHaZtM5rnlvzbi+qdbcookSOyQk5Ix65JHVyQxqkSTh5JM/kjbw7D86T8+K8/lhXnOLmiPyB8/ENo1 eZUA==</latexit><latexit sha1_base64="PKEGqh+GhJyd5/b+eVt42MIe5Y 0=">AAACA3icbVDLSsNAFJ34rPVVdelmsAiuSiKCLgtuXFawD2hLmExv2qEzSZi5kZaQpf6MrkTd+Qf+gH/jtGahrWd17j 3nwj0nSKQw6Lpfzsrq2vrGZmmrvL2zu7dfOThsmTjVHJo8lrHuBMyAFBE0UaCETqKBqUBCOxhfz/T2PWgj4ugOpwn0FRtG IhScoV35FTrxs14YRxgyJeQ0S1DlPYQJZgZFGOa5X6m6NXcOuky8glRJgYZf+ewNYp4qiJBLZkzXcxPsZ0yj4BLyci81kD A+ZkPoWhoxBaafzZPk9DSMNcUR0Pn825sxZcxUBdajGI7MojZb/qd1Uwyv+pmIkhQh4tZitTCVFGM6K4QOhAaOcmoJ41rY LykfMc042trKNr63GHaZtM5rnlvzbi+qdbcookSOyQk5Ix65JHVyQxqkSTh5JM/kjbw7D86T8+K8/lhXnOLmiPyB8/ENo1 eZUA==</latexit>
E0
<latexit sha1_base64="+b E+iPcH2ruuMpVNhcTe+mP7iXs=">AAAB5HicbZDNSgMxFIX v1L9a/6ou3QSL4KpkRNBlQQSXFe0PtEPJpHfa0ExmSDJCGf oGuhJ15xP5Ar6NaZ2FVs/qyz0ncM8NUymMpfTTK62srq1vl DcrW9s7u3vV/YO2STLNscUTmehuyAxKobBlhZXYTTWyOJTY CSdXc7/zgNqIRN3baYpBzEZKRIIz60Z31wM6qNZonS5E/oJ fQA0KNQfVj/4w4VmMynLJjOn5NLVBzrQVXOKs0s8MpoxP2A h7DhWL0QT5YtUZOYkSTewYyeL9M5uz2JhpHLpMzOzYLHvz4 X9eL7PRZZALlWYWFXcR50WZJDYh88ZkKDRyK6cOGNfCbUn4 mGnGrbtLxdX3l8v+hfZZ3ad1//a81qDFIcpwBMdwCj5cQAN uoAkt4DCCJ3iFNy/yHr1n7+U7WvKKP4fwS977F6nNiu8=</ latexit><latexit sha1_base64="+b E+iPcH2ruuMpVNhcTe+mP7iXs=">AAAB5HicbZDNSgMxFIX v1L9a/6ou3QSL4KpkRNBlQQSXFe0PtEPJpHfa0ExmSDJCGf oGuhJ15xP5Ar6NaZ2FVs/qyz0ncM8NUymMpfTTK62srq1vl DcrW9s7u3vV/YO2STLNscUTmehuyAxKobBlhZXYTTWyOJTY CSdXc7/zgNqIRN3baYpBzEZKRIIz60Z31wM6qNZonS5E/oJ fQA0KNQfVj/4w4VmMynLJjOn5NLVBzrQVXOKs0s8MpoxP2A h7DhWL0QT5YtUZOYkSTewYyeL9M5uz2JhpHLpMzOzYLHvz4 X9eL7PRZZALlWYWFXcR50WZJDYh88ZkKDRyK6cOGNfCbUn4 mGnGrbtLxdX3l8v+hfZZ3ad1//a81qDFIcpwBMdwCj5cQAN uoAkt4DCCJ3iFNy/yHr1n7+U7WvKKP4fwS977F6nNiu8=</ latexit><latexit sha1_base64="+b E+iPcH2ruuMpVNhcTe+mP7iXs=">AAAB5HicbZDNSgMxFIX v1L9a/6ou3QSL4KpkRNBlQQSXFe0PtEPJpHfa0ExmSDJCGf oGuhJ15xP5Ar6NaZ2FVs/qyz0ncM8NUymMpfTTK62srq1vl DcrW9s7u3vV/YO2STLNscUTmehuyAxKobBlhZXYTTWyOJTY CSdXc7/zgNqIRN3baYpBzEZKRIIz60Z31wM6qNZonS5E/oJ fQA0KNQfVj/4w4VmMynLJjOn5NLVBzrQVXOKs0s8MpoxP2A h7DhWL0QT5YtUZOYkSTewYyeL9M5uz2JhpHLpMzOzYLHvz4 X9eL7PRZZALlWYWFXcR50WZJDYh88ZkKDRyK6cOGNfCbUn4 mGnGrbtLxdX3l8v+hfZZ3ad1//a81qDFIcpwBMdwCj5cQAN uoAkt4DCCJ3iFNy/yHr1n7+U7WvKKP4fwS977F6nNiu8=</ latexit><latexit sha1_base64="+b E+iPcH2ruuMpVNhcTe+mP7iXs=">AAAB5HicbZDNSgMxFIX v1L9a/6ou3QSL4KpkRNBlQQSXFe0PtEPJpHfa0ExmSDJCGf oGuhJ15xP5Ar6NaZ2FVs/qyz0ncM8NUymMpfTTK62srq1vl DcrW9s7u3vV/YO2STLNscUTmehuyAxKobBlhZXYTTWyOJTY CSdXc7/zgNqIRN3baYpBzEZKRIIz60Z31wM6qNZonS5E/oJ fQA0KNQfVj/4w4VmMynLJjOn5NLVBzrQVXOKs0s8MpoxP2A h7DhWL0QT5YtUZOYkSTewYyeL9M5uz2JhpHLpMzOzYLHvz4 X9eL7PRZZALlWYWFXcR50WZJDYh88ZkKDRyK6cOGNfCbUn4 mGnGrbtLxdX3l8v+hfZZ3ad1//a81qDFIcpwBMdwCj5cQAN uoAkt4DCCJ3iFNy/yHr1n7+U7WvKKP4fwS977F6nNiu8=</ latexit>
Cell monolayer
<latexit sha1_base64="le mPzxzZr2qvlnQAVxUjxvTXzHs=">AAACCHicbVDLSgNBEJz 1GeNr1aOXwSB4Crsi6DGQi8cIJhGSEGbHXjM4j2WmV1yW/I D+jJ5EvXn2B/wbJzEHX3Wq7qqGrkoyKRxG0UcwN7+wuLRcW amurq1vbIZb2x1ncsuhzY009iJhDqTQ0EaBEi4yC0wlErrJ dXOid2/AOmH0ORYZDBS70iIVnKFfDcP9fmo0pkwJWZQZqnE f4RbLJkhJldFGsgLseBjWono0Bf1L4hmpkRlaw/C9f2l4rk Ajl8y5XhxlOCiZRcEljKv93EHG+DW7gp6nmilwg3IaZ0z3U 2MpjoBO5+/ekinnCpV4j2I4cr+1yfI/rZdjejIohc5yBM29 xWtpLikaOmmFXgoLHGXhCeNW+C8pHzHLOPruqj5+/DvsX9I 5rMdRPT47qjWiWREVskv2yAGJyTFpkFPSIm3CyT15JC/kNb gLHoKn4PnLOhfMbnbIDwRvn+06mw0=</latexit><latexit sha1_base64="le mPzxzZr2qvlnQAVxUjxvTXzHs=">AAACCHicbVDLSgNBEJz 1GeNr1aOXwSB4Crsi6DGQi8cIJhGSEGbHXjM4j2WmV1yW/I D+jJ5EvXn2B/wbJzEHX3Wq7qqGrkoyKRxG0UcwN7+wuLRcW amurq1vbIZb2x1ncsuhzY009iJhDqTQ0EaBEi4yC0wlErrJ dXOid2/AOmH0ORYZDBS70iIVnKFfDcP9fmo0pkwJWZQZqnE f4RbLJkhJldFGsgLseBjWono0Bf1L4hmpkRlaw/C9f2l4rk Ajl8y5XhxlOCiZRcEljKv93EHG+DW7gp6nmilwg3IaZ0z3U 2MpjoBO5+/ekinnCpV4j2I4cr+1yfI/rZdjejIohc5yBM29 xWtpLikaOmmFXgoLHGXhCeNW+C8pHzHLOPruqj5+/DvsX9I 5rMdRPT47qjWiWREVskv2yAGJyTFpkFPSIm3CyT15JC/kNb gLHoKn4PnLOhfMbnbIDwRvn+06mw0=</latexit><latexit sha1_base64="le mPzxzZr2qvlnQAVxUjxvTXzHs=">AAACCHicbVDLSgNBEJz 1GeNr1aOXwSB4Crsi6DGQi8cIJhGSEGbHXjM4j2WmV1yW/I D+jJ5EvXn2B/wbJzEHX3Wq7qqGrkoyKRxG0UcwN7+wuLRcW amurq1vbIZb2x1ncsuhzY009iJhDqTQ0EaBEi4yC0wlErrJ dXOid2/AOmH0ORYZDBS70iIVnKFfDcP9fmo0pkwJWZQZqnE f4RbLJkhJldFGsgLseBjWono0Bf1L4hmpkRlaw/C9f2l4rk Ajl8y5XhxlOCiZRcEljKv93EHG+DW7gp6nmilwg3IaZ0z3U 2MpjoBO5+/ekinnCpV4j2I4cr+1yfI/rZdjejIohc5yBM29 xWtpLikaOmmFXgoLHGXhCeNW+C8pHzHLOPruqj5+/DvsX9I 5rMdRPT47qjWiWREVskv2yAGJyTFpkFPSIm3CyT15JC/kNb gLHoKn4PnLOhfMbnbIDwRvn+06mw0=</latexit><latexit sha1_base64="le mPzxzZr2qvlnQAVxUjxvTXzHs=">AAACCHicbVDLSgNBEJz 1GeNr1aOXwSB4Crsi6DGQi8cIJhGSEGbHXjM4j2WmV1yW/I D+jJ5EvXn2B/wbJzEHX3Wq7qqGrkoyKRxG0UcwN7+wuLRcW amurq1vbIZb2x1ncsuhzY009iJhDqTQ0EaBEi4yC0wlErrJ dXOid2/AOmH0ORYZDBS70iIVnKFfDcP9fmo0pkwJWZQZqnE f4RbLJkhJldFGsgLseBjWono0Bf1L4hmpkRlaw/C9f2l4rk Ajl8y5XhxlOCiZRcEljKv93EHG+DW7gp6nmilwg3IaZ0z3U 2MpjoBO5+/ekinnCpV4j2I4cr+1yfI/rZdjejIohc5yBM29 xWtpLikaOmmFXgoLHGXhCeNW+C8pHzHLOPruqj5+/DvsX9I 5rMdRPT47qjWiWREVskv2yAGJyTFpkFPSIm3CyT15JC/kNb gLHoKn4PnLOhfMbnbIDwRvn+06mw0=</latexit>
xˆ
<latexit sha1_base64="8Q aoryssckALDhC1x+Q+q1aL9EM=">AAAB6HicbZDLSgNBEEV rfMb4irp00xgEV2FGBF0G3LiMYB6QhNDTqcm06XnQXSOGIf +gK1F3fo8/4N/YibPQxLs6Xfc21C0/VdKQ6345K6tr6xubp a3y9s7u3n7l4LBlkkwLbIpEJbrjc4NKxtgkSQo7qUYe+Qrb /vh65rcfUBuZxHc0SbEf8VEsAyk42VG7F3LKH6eDStWtuXO xZfAKqEKhxqDy2RsmIoswJqG4MV3PTamfc01SKJyWe5nBlI sxH2HXYswjNP18vu6UnQaJZhQim79/Z3MeGTOJfJuJOIVm0 ZsN//O6GQVX/VzGaUYYCxuxXpApRgmbtWZDqVGQmljgQku7 JRMh11yQvU3Z1vcWyy5D67zmuTXv9qJad4tDlOAYTuAMPLi EOtxAA5ogYAzP8Abvzr3z5Lw4rz/RFaf4cwR/5Hx8A5BIjU w=</latexit><latexit sha1_base64="8Q aoryssckALDhC1x+Q+q1aL9EM=">AAAB6HicbZDLSgNBEEV rfMb4irp00xgEV2FGBF0G3LiMYB6QhNDTqcm06XnQXSOGIf +gK1F3fo8/4N/YibPQxLs6Xfc21C0/VdKQ6345K6tr6xubp a3y9s7u3n7l4LBlkkwLbIpEJbrjc4NKxtgkSQo7qUYe+Qrb /vh65rcfUBuZxHc0SbEf8VEsAyk42VG7F3LKH6eDStWtuXO xZfAKqEKhxqDy2RsmIoswJqG4MV3PTamfc01SKJyWe5nBlI sxH2HXYswjNP18vu6UnQaJZhQim79/Z3MeGTOJfJuJOIVm0 ZsN//O6GQVX/VzGaUYYCxuxXpApRgmbtWZDqVGQmljgQku7 JRMh11yQvU3Z1vcWyy5D67zmuTXv9qJad4tDlOAYTuAMPLi EOtxAA5ogYAzP8Abvzr3z5Lw4rz/RFaf4cwR/5Hx8A5BIjU w=</latexit><latexit sha1_base64="8Q aoryssckALDhC1x+Q+q1aL9EM=">AAAB6HicbZDLSgNBEEV rfMb4irp00xgEV2FGBF0G3LiMYB6QhNDTqcm06XnQXSOGIf +gK1F3fo8/4N/YibPQxLs6Xfc21C0/VdKQ6345K6tr6xubp a3y9s7u3n7l4LBlkkwLbIpEJbrjc4NKxtgkSQo7qUYe+Qrb /vh65rcfUBuZxHc0SbEf8VEsAyk42VG7F3LKH6eDStWtuXO xZfAKqEKhxqDy2RsmIoswJqG4MV3PTamfc01SKJyWe5nBlI sxH2HXYswjNP18vu6UnQaJZhQim79/Z3MeGTOJfJuJOIVm0 ZsN//O6GQVX/VzGaUYYCxuxXpApRgmbtWZDqVGQmljgQku7 JRMh11yQvU3Z1vcWyy5D67zmuTXv9qJad4tDlOAYTuAMPLi EOtxAA5ogYAzP8Abvzr3z5Lw4rz/RFaf4cwR/5Hx8A5BIjU w=</latexit><latexit sha1_base64="8Q aoryssckALDhC1x+Q+q1aL9EM=">AAAB6HicbZDLSgNBEEV rfMb4irp00xgEV2FGBF0G3LiMYB6QhNDTqcm06XnQXSOGIf +gK1F3fo8/4N/YibPQxLs6Xfc21C0/VdKQ6345K6tr6xubp a3y9s7u3n7l4LBlkkwLbIpEJbrjc4NKxtgkSQo7qUYe+Qrb /vh65rcfUBuZxHc0SbEf8VEsAyk42VG7F3LKH6eDStWtuXO xZfAKqEKhxqDy2RsmIoswJqG4MV3PTamfc01SKJyWe5nBlI sxH2HXYswjNP18vu6UnQaJZhQim79/Z3MeGTOJfJuJOIVm0 ZsN//O6GQVX/VzGaUYYCxuxXpApRgmbtWZDqVGQmljgQku7 JRMh11yQvU3Z1vcWyy5D67zmuTXv9qJad4tDlOAYTuAMPLi EOtxAA5ogYAzP8Abvzr3z5Lw4rz/RFaf4cwR/5Hx8A5BIjU w=</latexit>
L0
<latexit sha1_base64="AR e5RR75egYhB06CeJQDj7MvSOU=">AAAB5HicbZDNSgMxFIX v1L9a/6ou3QSL4KpkRNBlwY0LFxXtD7RDyaR32tBMZkgyQh n6BroSdecT+QK+jWmdhVbP6ss9J3DPDVMpjKX00yutrK6tb 5Q3K1vbO7t71f2DtkkyzbHFE5nobsgMSqGwZYWV2E01sjiU 2AknV3O/84DaiETd22mKQcxGSkSCM+tGdzcDOqjWaJ0uRP6 CX0ANCjUH1Y/+MOFZjMpyyYzp+TS1Qc60FVzirNLPDKaMT9 gIew4Vi9EE+WLVGTmJEk3sGMni/TObs9iYaRy6TMzs2Cx78 +F/Xi+z0WWQC5VmFhV3EedFmSQ2IfPGZCg0ciunDhjXwm1J +Jhpxq27S8XV95fL/oX2Wd2ndf/2vNagxSHKcATHcAo+XEA DrqEJLeAwgid4hTcv8h69Z+/lO1ryij+H8Eve+xe0TYr2</ latexit><latexit sha1_base64="AR e5RR75egYhB06CeJQDj7MvSOU=">AAAB5HicbZDNSgMxFIX v1L9a/6ou3QSL4KpkRNBlwY0LFxXtD7RDyaR32tBMZkgyQh n6BroSdecT+QK+jWmdhVbP6ss9J3DPDVMpjKX00yutrK6tb 5Q3K1vbO7t71f2DtkkyzbHFE5nobsgMSqGwZYWV2E01sjiU 2AknV3O/84DaiETd22mKQcxGSkSCM+tGdzcDOqjWaJ0uRP6 CX0ANCjUH1Y/+MOFZjMpyyYzp+TS1Qc60FVzirNLPDKaMT9 gIew4Vi9EE+WLVGTmJEk3sGMni/TObs9iYaRy6TMzs2Cx78 +F/Xi+z0WWQC5VmFhV3EedFmSQ2IfPGZCg0ciunDhjXwm1J +Jhpxq27S8XV95fL/oX2Wd2ndf/2vNagxSHKcATHcAo+XEA DrqEJLeAwgid4hTcv8h69Z+/lO1ryij+H8Eve+xe0TYr2</ latexit><latexit sha1_base64="AR e5RR75egYhB06CeJQDj7MvSOU=">AAAB5HicbZDNSgMxFIX v1L9a/6ou3QSL4KpkRNBlwY0LFxXtD7RDyaR32tBMZkgyQh n6BroSdecT+QK+jWmdhVbP6ss9J3DPDVMpjKX00yutrK6tb 5Q3K1vbO7t71f2DtkkyzbHFE5nobsgMSqGwZYWV2E01sjiU 2AknV3O/84DaiETd22mKQcxGSkSCM+tGdzcDOqjWaJ0uRP6 CX0ANCjUH1Y/+MOFZjMpyyYzp+TS1Qc60FVzirNLPDKaMT9 gIew4Vi9EE+WLVGTmJEk3sGMni/TObs9iYaRy6TMzs2Cx78 +F/Xi+z0WWQC5VmFhV3EedFmSQ2IfPGZCg0ciunDhjXwm1J +Jhpxq27S8XV95fL/oX2Wd2ndf/2vNagxSHKcATHcAo+XEA DrqEJLeAwgid4hTcv8h69Z+/lO1ryij+H8Eve+xe0TYr2</ latexit><latexit sha1_base64="AR e5RR75egYhB06CeJQDj7MvSOU=">AAAB5HicbZDNSgMxFIX v1L9a/6ou3QSL4KpkRNBlwY0LFxXtD7RDyaR32tBMZkgyQh n6BroSdecT+QK+jWmdhVbP6ss9J3DPDVMpjKX00yutrK6tb 5Q3K1vbO7t71f2DtkkyzbHFE5nobsgMSqGwZYWV2E01sjiU 2AknV3O/84DaiETd22mKQcxGSkSCM+tGdzcDOqjWaJ0uRP6 CX0ANCjUH1Y/+MOFZjMpyyYzp+TS1Qc60FVzirNLPDKaMT9 gIew4Vi9EE+WLVGTmJEk3sGMni/TObs9iYaRy6TMzs2Cx78 +F/Xi+z0WWQC5VmFhV3EedFmSQ2IfPGZCg0ciunDhjXwm1J +Jhpxq27S8XV95fL/oX2Wd2ndf/2vNagxSHKcATHcAo+XEA DrqEJLeAwgid4hTcv8h69Z+/lO1ryij+H8Eve+xe0TYr2</ latexit>
Stiff edge
<latexit sha1_base64="DQ U6k4Lg7CfnRdv3V21CmHeT27c=">AAACBHicdVDLSgNBEJz 1GeNr1aOX0SB4CrshmhwDXjxGNCokS5id9CaDM7vLTK8Yll z1Z/Qk6s0v8Af8GycxgorWqbqrGroqTKUw6Hnvzszs3PzCY mGpuLyyurbubmyemyTTHFo8kYm+DJkBKWJooUAJl6kGpkIJ F+HV0Vi/uAZtRBKf4TCFQLF+LCLBGdpV193pREmMEVNCDvM U1aiDcIP5KYoootDrw6jrlryy7x3U6xXqlau1MbOk4h8c1g +pX/YmKJEpml33rdNLeKYgRi6ZMW3fSzHImUbBJYyKncxAy vgV60Pb0pgpMEE+iTKie1GiKQ6ATubv3pwpY4YqtB7FcGB+ a+PlX1o7w6ge5CJOM4SYW4vVokxSTOi4EdoTGjjKoSWMa2G /pHzANONoeyva+F8Z6f/kvGIrKvsn1VLDmxZRINtkl+wTn9 RIgxyTJmkRTu7IA3kmL86tc+88Ok+f1hlnerNFfsB5/QDy3 pl0</latexit><latexit sha1_base64="DQ U6k4Lg7CfnRdv3V21CmHeT27c=">AAACBHicdVDLSgNBEJz 1GeNr1aOX0SB4CrshmhwDXjxGNCokS5id9CaDM7vLTK8Yll z1Z/Qk6s0v8Af8GycxgorWqbqrGroqTKUw6Hnvzszs3PzCY mGpuLyyurbubmyemyTTHFo8kYm+DJkBKWJooUAJl6kGpkIJ F+HV0Vi/uAZtRBKf4TCFQLF+LCLBGdpV193pREmMEVNCDvM U1aiDcIP5KYoootDrw6jrlryy7x3U6xXqlau1MbOk4h8c1g +pX/YmKJEpml33rdNLeKYgRi6ZMW3fSzHImUbBJYyKncxAy vgV60Pb0pgpMEE+iTKie1GiKQ6ATubv3pwpY4YqtB7FcGB+ a+PlX1o7w6ge5CJOM4SYW4vVokxSTOi4EdoTGjjKoSWMa2G /pHzANONoeyva+F8Z6f/kvGIrKvsn1VLDmxZRINtkl+wTn9 RIgxyTJmkRTu7IA3kmL86tc+88Ok+f1hlnerNFfsB5/QDy3 pl0</latexit><latexit sha1_base64="DQ U6k4Lg7CfnRdv3V21CmHeT27c=">AAACBHicdVDLSgNBEJz 1GeNr1aOX0SB4CrshmhwDXjxGNCokS5id9CaDM7vLTK8Yll z1Z/Qk6s0v8Af8GycxgorWqbqrGroqTKUw6Hnvzszs3PzCY mGpuLyyurbubmyemyTTHFo8kYm+DJkBKWJooUAJl6kGpkIJ F+HV0Vi/uAZtRBKf4TCFQLF+LCLBGdpV193pREmMEVNCDvM U1aiDcIP5KYoootDrw6jrlryy7x3U6xXqlau1MbOk4h8c1g +pX/YmKJEpml33rdNLeKYgRi6ZMW3fSzHImUbBJYyKncxAy vgV60Pb0pgpMEE+iTKie1GiKQ6ATubv3pwpY4YqtB7FcGB+ a+PlX1o7w6ge5CJOM4SYW4vVokxSTOi4EdoTGjjKoSWMa2G /pHzANONoeyva+F8Z6f/kvGIrKvsn1VLDmxZRINtkl+wTn9 RIgxyTJmkRTu7IA3kmL86tc+88Ok+f1hlnerNFfsB5/QDy3 pl0</latexit><latexit sha1_base64="DQ U6k4Lg7CfnRdv3V21CmHeT27c=">AAACBHicdVDLSgNBEJz 1GeNr1aOX0SB4CrshmhwDXjxGNCokS5id9CaDM7vLTK8Yll z1Z/Qk6s0v8Af8GycxgorWqbqrGroqTKUw6Hnvzszs3PzCY mGpuLyyurbubmyemyTTHFo8kYm+DJkBKWJooUAJl6kGpkIJ F+HV0Vi/uAZtRBKf4TCFQLF+LCLBGdpV193pREmMEVNCDvM U1aiDcIP5KYoootDrw6jrlryy7x3U6xXqlau1MbOk4h8c1g +pX/YmKJEpml33rdNLeKYgRi6ZMW3fSzHImUbBJYyKncxAy vgV60Pb0pgpMEE+iTKie1GiKQ6ATubv3pwpY4YqtB7FcGB+ a+PlX1o7w6ge5CJOM4SYW4vVokxSTOi4EdoTGjjKoSWMa2G /pHzANONoeyva+F8Z6f/kvGIrKvsn1VLDmxZRINtkl+wTn9 RIgxyTJmkRTu7IA3kmL86tc+88Ok+f1hlnerNFfsB5/QDy3 pl0</latexit>
Soft edge
<latexit sha1_base64="DM Ux7lry1sVJ+xrCa4Gq+DM02mg=">AAACA3icdVDLSgNBEJy N7/iKevQyGARPYTfm4VHw4lHRGCEJYXbSmwzO7CwzvWJYct Sf0ZOoN//AH/BvnMQIKlqn6q5q6KowkcKi7797uZnZufmFx aX88srq2nphY/PC6tRwaHAttbkMmQUpYmigQAmXiQGmQgnN 8OporDevwVih43McJtBRrB+LSHCGbtUt0HakY4yYEnKYJah GbYQbzM50hBR6fRh1C0W/VKmV65Uq9UtBrVL3a45Ug/16uU qDkj9BkUxx0i28tXuapwpi5JJZ2wr8BDsZMyi4hFG+nVpIG L9ifWg5GjMFtpNNkozobqQNxQHQyfzdmzFl7VCFzqMYDuxv bbz8S2ulGB10MhEnKULMncVpUSopajouhPaEAY5y6AjjRrg vKR8wwzi62vIu/ldG+j+5KJcCV85ppXjoT4tYJNtkh+yRgN TJITkmJ6RBOLkjD+SZvHi33r336D19WnPe9GaL/ID3+gEkr 5kB</latexit><latexit sha1_base64="DM Ux7lry1sVJ+xrCa4Gq+DM02mg=">AAACA3icdVDLSgNBEJy N7/iKevQyGARPYTfm4VHw4lHRGCEJYXbSmwzO7CwzvWJYct Sf0ZOoN//AH/BvnMQIKlqn6q5q6KowkcKi7797uZnZufmFx aX88srq2nphY/PC6tRwaHAttbkMmQUpYmigQAmXiQGmQgnN 8OporDevwVih43McJtBRrB+LSHCGbtUt0HakY4yYEnKYJah GbYQbzM50hBR6fRh1C0W/VKmV65Uq9UtBrVL3a45Ug/16uU qDkj9BkUxx0i28tXuapwpi5JJZ2wr8BDsZMyi4hFG+nVpIG L9ifWg5GjMFtpNNkozobqQNxQHQyfzdmzFl7VCFzqMYDuxv bbz8S2ulGB10MhEnKULMncVpUSopajouhPaEAY5y6AjjRrg vKR8wwzi62vIu/ldG+j+5KJcCV85ppXjoT4tYJNtkh+yRgN TJITkmJ6RBOLkjD+SZvHi33r336D19WnPe9GaL/ID3+gEkr 5kB</latexit><latexit sha1_base64="DM Ux7lry1sVJ+xrCa4Gq+DM02mg=">AAACA3icdVDLSgNBEJy N7/iKevQyGARPYTfm4VHw4lHRGCEJYXbSmwzO7CwzvWJYct Sf0ZOoN//AH/BvnMQIKlqn6q5q6KowkcKi7797uZnZufmFx aX88srq2nphY/PC6tRwaHAttbkMmQUpYmigQAmXiQGmQgnN 8OporDevwVih43McJtBRrB+LSHCGbtUt0HakY4yYEnKYJah GbYQbzM50hBR6fRh1C0W/VKmV65Uq9UtBrVL3a45Ug/16uU qDkj9BkUxx0i28tXuapwpi5JJZ2wr8BDsZMyi4hFG+nVpIG L9ifWg5GjMFtpNNkozobqQNxQHQyfzdmzFl7VCFzqMYDuxv bbz8S2ulGB10MhEnKULMncVpUSopajouhPaEAY5y6AjjRrg vKR8wwzi62vIu/ldG+j+5KJcCV85ppXjoT4tYJNtkh+yRgN TJITkmJ6RBOLkjD+SZvHi33r336D19WnPe9GaL/ID3+gEkr 5kB</latexit><latexit sha1_base64="DM Ux7lry1sVJ+xrCa4Gq+DM02mg=">AAACA3icdVDLSgNBEJy N7/iKevQyGARPYTfm4VHw4lHRGCEJYXbSmwzO7CwzvWJYct Sf0ZOoN//AH/BvnMQIKlqn6q5q6KowkcKi7797uZnZufmFx aX88srq2nphY/PC6tRwaHAttbkMmQUpYmigQAmXiQGmQgnN 8OporDevwVih43McJtBRrB+LSHCGbtUt0HakY4yYEnKYJah GbYQbzM50hBR6fRh1C0W/VKmV65Uq9UtBrVL3a45Ug/16uU qDkj9BkUxx0i28tXuapwpi5JJZ2wr8BDsZMyi4hFG+nVpIG L9ifWg5GjMFtpNNkozobqQNxQHQyfzdmzFl7VCFzqMYDuxv bbz8S2ulGB10MhEnKULMncVpUSopajouhPaEAY5y6AjjRrg vKR8wwzi62vIu/ldG+j+5KJcCV85ppXjoT4tYJNtkh+yRgN TJITkmJ6RBOLkjD+SZvHi33r336D19WnPe9GaL/ID3+gEkr 5kB</latexit>
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<latex it sha1_base 64="5RJB10pT TuzoNBS5TLbU 2hYcWes=">A AAB63icbZDNT gIxFIU7/iL+o S7dNBITV2TGm MiShI1LTOQn AiGdcgca2s6k vWMkE55CV0bd +Ta+gG9jwVko eFZf7zlN7rl hIoVF3//y1tY 3Nre2CzvF3b3 9g8PS0XHLxqn h0OSxjE0nZB ak0NBEgRI6iQ GmQgntcFKf++ 0HMFbE+g6nCf QVG2kRCc7Qje 57CI9oo6w+G 5TKfsVfiK5Ck EOZ5GoMSp+9Y cxTBRq5ZNZ2A z/BfsYMCi5h VuylFhLGJ2wE XYeaKbD9bLHx jJ5HsaE4Brp4 /85mTFk7VaH LKIZju+zNh/9 53RSjaj8TOkk RNHcR50WppBj TeXE6FAY4yq kDxo1wW1I+Zo ZxdOcpuvrBct lVaF1WAr8S3F 6Va9X8EAVyS s7IBQnINamRG 9IgTcKJJs/kj bx7ynvyXrzXn +ial/85IX/k fXwDy6aOng== </latexit><latex it sha1_base 64="5RJB10pT TuzoNBS5TLbU 2hYcWes=">A AAB63icbZDNT gIxFIU7/iL+o S7dNBITV2TGm MiShI1LTOQn AiGdcgca2s6k vWMkE55CV0bd +Ta+gG9jwVko eFZf7zlN7rl hIoVF3//y1tY 3Nre2CzvF3b3 9g8PS0XHLxqn h0OSxjE0nZB ak0NBEgRI6iQ GmQgntcFKf++ 0HMFbE+g6nCf QVG2kRCc7Qje 57CI9oo6w+G 5TKfsVfiK5Ck EOZ5GoMSp+9Y cxTBRq5ZNZ2A z/BfsYMCi5h VuylFhLGJ2wE XYeaKbD9bLHx jJ5HsaE4Brp4 /85mTFk7VaH LKIZju+zNh/9 53RSjaj8TOkk RNHcR50WppBj TeXE6FAY4yq kDxo1wW1I+Zo ZxdOcpuvrBct lVaF1WAr8S3F 6Va9X8EAVyS s7IBQnINamRG 9IgTcKJJs/kj bx7ynvyXrzXn +ial/85IX/k fXwDy6aOng== </latexit><latex it sha1_base 64="5RJB10pT TuzoNBS5TLbU 2hYcWes=">A AAB63icbZDNT gIxFIU7/iL+o S7dNBITV2TGm MiShI1LTOQn AiGdcgca2s6k vWMkE55CV0bd +Ta+gG9jwVko eFZf7zlN7rl hIoVF3//y1tY 3Nre2CzvF3b3 9g8PS0XHLxqn h0OSxjE0nZB ak0NBEgRI6iQ GmQgntcFKf++ 0HMFbE+g6nCf QVG2kRCc7Qje 57CI9oo6w+G 5TKfsVfiK5Ck EOZ5GoMSp+9Y cxTBRq5ZNZ2A z/BfsYMCi5h VuylFhLGJ2wE XYeaKbD9bLHx jJ5HsaE4Brp4 /85mTFk7VaH LKIZju+zNh/9 53RSjaj8TOkk RNHcR50WppBj TeXE6FAY4yq kDxo1wW1I+Zo ZxdOcpuvrBct lVaF1WAr8S3F 6Va9X8EAVyS s7IBQnINamRG 9IgTcKJJs/kj bx7ynvyXrzXn +ial/85IX/k fXwDy6aOng== </latexit><latex it sha1_base 64="5RJB10pT TuzoNBS5TLbU 2hYcWes=">A AAB63icbZDNT gIxFIU7/iL+o S7dNBITV2TGm MiShI1LTOQn AiGdcgca2s6k vWMkE55CV0bd +Ta+gG9jwVko eFZf7zlN7rl hIoVF3//y1tY 3Nre2CzvF3b3 9g8PS0XHLxqn h0OSxjE0nZB ak0NBEgRI6iQ GmQgntcFKf++ 0HMFbE+g6nCf QVG2kRCc7Qje 57CI9oo6w+G 5TKfsVfiK5Ck EOZ5GoMSp+9Y cxTBRq5ZNZ2A z/BfsYMCi5h VuylFhLGJ2wE XYeaKbD9bLHx jJ5HsaE4Brp4 /85mTFk7VaH LKIZju+zNh/9 53RSjaj8TOkk RNHcR50WppBj TeXE6FAY4yq kDxo1wW1I+Zo ZxdOcpuvrBct lVaF1WAr8S3F 6Va9X8EAVyS s7IBQnINamRG 9IgTcKJJs/kj bx7ynvyXrzXn +ial/85IX/k fXwDy6aOng== </latexit>
D
<latexit sha1_base64="tz lYZTNZXWhYffNXWf1VP5If/10=">AAAB63icbZDNTgIxFIU 7+If4h7p000hMXJEZYyJLEl24xETACIR0yh1oaDuT9o6RTH gKXRl159v4Ar6NBWeh4Fl9vec0ueeGiRQWff/LK6ysrq1vF DdLW9s7u3vl/YOWjVPDocljGZu7kFmQQkMTBUq4SwwwFUpo h+PLmd9+AGNFrG9xkkBPsaEWkeAM3ei+i/CINsqupv1yxa/ 6c9FlCHKokFyNfvmzO4h5qkAjl8zaTuAn2MuYQcElTEvd1E LC+JgNoeNQMwW2l803ntKTKDYUR0Dn79/ZjClrJyp0GcVwZ Be92fA/r5NiVOtlQicpguYu4rwolRRjOitOB8IARzlxwLgR bkvKR8wwju48JVc/WCy7DK2zauBXg5vzSr2WH6JIjsgxOSU BuSB1ck0apEk40eSZvJF3T3lP3ov3+hMtePmfQ/JH3sc3zS WOnw==</latexit><latexit sha1_base64="tz lYZTNZXWhYffNXWf1VP5If/10=">AAAB63icbZDNTgIxFIU 7+If4h7p000hMXJEZYyJLEl24xETACIR0yh1oaDuT9o6RTH gKXRl159v4Ar6NBWeh4Fl9vec0ueeGiRQWff/LK6ysrq1vF DdLW9s7u3vl/YOWjVPDocljGZu7kFmQQkMTBUq4SwwwFUpo h+PLmd9+AGNFrG9xkkBPsaEWkeAM3ei+i/CINsqupv1yxa/ 6c9FlCHKokFyNfvmzO4h5qkAjl8zaTuAn2MuYQcElTEvd1E LC+JgNoeNQMwW2l803ntKTKDYUR0Dn79/ZjClrJyp0GcVwZ Be92fA/r5NiVOtlQicpguYu4rwolRRjOitOB8IARzlxwLgR bkvKR8wwju48JVc/WCy7DK2zauBXg5vzSr2WH6JIjsgxOSU BuSB1ck0apEk40eSZvJF3T3lP3ov3+hMtePmfQ/JH3sc3zS WOnw==</latexit><latexit sha1_base64="tz lYZTNZXWhYffNXWf1VP5If/10=">AAAB63icbZDNTgIxFIU 7+If4h7p000hMXJEZYyJLEl24xETACIR0yh1oaDuT9o6RTH gKXRl159v4Ar6NBWeh4Fl9vec0ueeGiRQWff/LK6ysrq1vF DdLW9s7u3vl/YOWjVPDocljGZu7kFmQQkMTBUq4SwwwFUpo h+PLmd9+AGNFrG9xkkBPsaEWkeAM3ei+i/CINsqupv1yxa/ 6c9FlCHKokFyNfvmzO4h5qkAjl8zaTuAn2MuYQcElTEvd1E LC+JgNoeNQMwW2l803ntKTKDYUR0Dn79/ZjClrJyp0GcVwZ Be92fA/r5NiVOtlQicpguYu4rwolRRjOitOB8IARzlxwLgR bkvKR8wwju48JVc/WCy7DK2zauBXg5vzSr2WH6JIjsgxOSU BuSB1ck0apEk40eSZvJF3T3lP3ov3+hMtePmfQ/JH3sc3zS WOnw==</latexit><latexit sha1_base64="tz lYZTNZXWhYffNXWf1VP5If/10=">AAAB63icbZDNTgIxFIU 7+If4h7p000hMXJEZYyJLEl24xETACIR0yh1oaDuT9o6RTH gKXRl159v4Ar6NBWeh4Fl9vec0ueeGiRQWff/LK6ysrq1vF DdLW9s7u3vl/YOWjVPDocljGZu7kFmQQkMTBUq4SwwwFUpo h+PLmd9+AGNFrG9xkkBPsaEWkeAM3ei+i/CINsqupv1yxa/ 6c9FlCHKokFyNfvmzO4h5qkAjl8zaTuAn2MuYQcElTEvd1E LC+JgNoeNQMwW2l803ntKTKDYUR0Dn79/ZjClrJyp0GcVwZ Be92fA/r5NiVOtlQicpguYu4rwolRRjOitOB8IARzlxwLgR bkvKR8wwju48JVc/WCy7DK2zauBXg5vzSr2WH6JIjsgxOSU BuSB1ck0apEk40eSZvJF3T3lP3ov3+hMtePmfQ/JH3sc3zS WOnw==</latexit>
E
<latexit sha1_base64="OfWCl6c3XUv7OA+wgRSzcwJrVT g=">AAAB63icbZDNSgMxFIUz9a/Wv6pLN8EiuCozIthlQQSXFWwrtqVk0jttaJIZkjtiGfoUuhJ159v4Ar6NaZ2Ftp7Vl3 tO4J4bJlJY9P0vr7Cyura+UdwsbW3v7O6V9w9aNk4NhyaPZWzuQmZBCg1NFCjhLjHAVCihHY4vZ377AYwVsb7FSQI9xYZa RIIzdKP7LsIj2ii7mvbLFb/qz0WXIcihQnI1+uXP7iDmqQKNXDJrO4GfYC9jBgWXMC11UwsJ42M2hI5DzRTYXjbfeEpPot hQHAGdv39nM6asnajQZRTDkV30ZsP/vE6KUa2XCZ2kCJq7iPOiVFKM6aw4HQgDHOXEAeNGuC0pHzHDOLrzlFz9YLHsMrTO qoFfDW7OK/VafogiOSLH5JQE5ILUyTVpkCbhRJNn8kbePeU9eS/e60+04OV/DskfeR/fzqSOoA==</latexit><latexit sha1_base64="OfWCl6c3XUv7OA+wgRSzcwJrVT g=">AAAB63icbZDNSgMxFIUz9a/Wv6pLN8EiuCozIthlQQSXFWwrtqVk0jttaJIZkjtiGfoUuhJ159v4Ar6NaZ2Ftp7Vl3 tO4J4bJlJY9P0vr7Cyura+UdwsbW3v7O6V9w9aNk4NhyaPZWzuQmZBCg1NFCjhLjHAVCihHY4vZ377AYwVsb7FSQI9xYZa RIIzdKP7LsIj2ii7mvbLFb/qz0WXIcihQnI1+uXP7iDmqQKNXDJrO4GfYC9jBgWXMC11UwsJ42M2hI5DzRTYXjbfeEpPot hQHAGdv39nM6asnajQZRTDkV30ZsP/vE6KUa2XCZ2kCJq7iPOiVFKM6aw4HQgDHOXEAeNGuC0pHzHDOLrzlFz9YLHsMrTO qoFfDW7OK/VafogiOSLH5JQE5ILUyTVpkCbhRJNn8kbePeU9eS/e60+04OV/DskfeR/fzqSOoA==</latexit><latexit sha1_base64="OfWCl6c3XUv7OA+wgRSzcwJrVT g=">AAAB63icbZDNSgMxFIUz9a/Wv6pLN8EiuCozIthlQQSXFWwrtqVk0jttaJIZkjtiGfoUuhJ159v4Ar6NaZ2Ftp7Vl3 tO4J4bJlJY9P0vr7Cyura+UdwsbW3v7O6V9w9aNk4NhyaPZWzuQmZBCg1NFCjhLjHAVCihHY4vZ377AYwVsb7FSQI9xYZa RIIzdKP7LsIj2ii7mvbLFb/qz0WXIcihQnI1+uXP7iDmqQKNXDJrO4GfYC9jBgWXMC11UwsJ42M2hI5DzRTYXjbfeEpPot hQHAGdv39nM6asnajQZRTDkV30ZsP/vE6KUa2XCZ2kCJq7iPOiVFKM6aw4HQgDHOXEAeNGuC0pHzHDOLrzlFz9YLHsMrTO qoFfDW7OK/VafogiOSLH5JQE5ILUyTVpkCbhRJNn8kbePeU9eS/e60+04OV/DskfeR/fzqSOoA==</latexit><latexit sha1_base64="OfWCl6c3XUv7OA+wgRSzcwJrVT g=">AAAB63icbZDNSgMxFIUz9a/Wv6pLN8EiuCozIthlQQSXFWwrtqVk0jttaJIZkjtiGfoUuhJ159v4Ar6NaZ2Ftp7Vl3 tO4J4bJlJY9P0vr7Cyura+UdwsbW3v7O6V9w9aNk4NhyaPZWzuQmZBCg1NFCjhLjHAVCihHY4vZ377AYwVsb7FSQI9xYZa RIIzdKP7LsIj2ii7mvbLFb/qz0WXIcihQnI1+uXP7iDmqQKNXDJrO4GfYC9jBgWXMC11UwsJ42M2hI5DzRTYXjbfeEpPot hQHAGdv39nM6asnajQZRTDkV30ZsP/vE6KUa2XCZ2kCJq7iPOiVFKM6aw4HQgDHOXEAeNGuC0pHzHDOLrzlFz9YLHsMrTO qoFfDW7OK/VafogiOSLH5JQE5ILUyTVpkCbhRJNn8kbePeU9eS/e60+04OV/DskfeR/fzqSOoA==</latexit>
Figure 3. Tissue durotaxis. (A) Sketch of a cell monolayer on a substrate with a stiffness gradient. (B) Tissue spreading at increasing
intercellular contractility −ζ = 0, 5, 10, 15 kPa (darker to lighter). For small contractility, the tissue spreads faster on the stiffer side. For
larger contractility, the soft edge retracts (dewetting) while the stiff edge advances (wetting). For this plot, L0 = 500 µm > λ∞ = 200 µm,
so that both tissue interfaces move quite independently. (C) Tissue spreading in the absence of intercellular contractility (ζ = 0) at increasing
initial monolayer width L0 = 100, 200, 300, 400 µm. For narrow monolayers, the stiff edge transiently drags the soft edge towards increasing
stiffness by transmission of viscous stress. For wide monolayers, this effect is lost. (D-E) Diagrams of interface dragging. Dragging takes
place for sufficiently narrow monolayers, on sufficiently steep stiffness gradients (D), and on sufficiently soft regions of the substrate (E).
Except for ζ, parameter values are in Table I.
enough to sustain edge-to-edge force transmission. In addi-
tion, the monolayer must be on a sufficiently steep stiffness
gradient, and on a sufficiently soft region of the substrate to
have the required difference in active traction between both
edges (Fig. 3D-E).
3. Discussion
In recent experiments, Sunyer et al. observed asymmetric
tissue spreading on a gradient of substrate stiffness [26]. Our
model reproduces this observation, as we illustrate in Fig. 3B
(darker lines). Moreover, on a very soft region of a substrate
with a very large stiffness gradient, Sunyer et al. also ob-
served one example of directed tissue migration up the gradi-
ent [26], consistent with our predictions. Here, we have un-
veiled two mechanisms for such a directed migration, which
can be distinguished by their collective character. First, tis-
sue durotaxis based on simultaneous wetting and dewetting
(Fig. 3B, lightest lines) needs not be collective in nature; force
transmission between edges can take place but is not required.
In contrast, durotaxis based on interface dragging (Fig. 3C,
darker lines) is a collective effect since it relies on edge-to-
edge force transmission. In the experiments by Sunyer et al.,
durotaxis emerges from intercellular force transmission [26],
so that both mechanisms might be at play. Therefore, further
experiments are required to disentangle the contributions of
these two durotaxis mechanisms.
Sunyer et al. measured traction forces of equal magnitude
on the stiff and soft edges. Hence, their model assumed that
cells exert equal active forces on both edges. They then ex-
plained durotaxis based on the different substrate deforma-
tions caused by these equal forces [26]. However, for almost
static cell monolayers, other studies measured larger tractions
on stiffer substrates [41]. This suggests that the active, static
contribution of the traction forces increases with substrate
stiffness. Hence, here we assumed that cells exert larger ac-
tive forces on the stiff edge. Thus, in our model, durotaxis
is driven by differences in active traction between the tissue
edges. Equal total tractions might then result from an addi-
tional regulation of cellular forces by stiffness gradients, as
well as from the addition of active tractions and viscous fric-
tion forces on the substrate, both of which are maximal at the
tissue edges and increase with substrate stiffness. Future work
could address this point quantitatively by fitting the predic-
tions of our model to experimental data.
Finally, previous mechanical models of tissue durotaxis
treated the cell monolayer as an elastic medium, thus impos-
ing full transmission of force through the tissue [26, 56–58].
Instead, given that tissue spreading occurs over time scales of
several hours [27], at which the tissue should have a fluid be-
havior [3, 59, 60], we model the cell monolayer as a viscous
6medium. Thus, our model can suitably account for wetting
effects and hydrodynamic interactions in tissue spreading. In
particular, we show that these two intrinsic features of fluid
media can naturally give rise to durotaxis, which needs not
rely on long-range elastic interactions across the tissue. More-
over, we show that the screening of hydrodynamic interactions
at long distances gives rise to size-dependent effects such as
viscous dragging. Looking for these effects in future experi-
ments may help discriminate between the elastic and viscous
behavior of spreading tissues.
IV. CONCLUSIONS
We have studied how substrate stiffness affects the spread-
ing of epithelial tissues. We have extended an active polar
fluid model for tissue spreading to incorporate the depen-
dence of cellular traction forces on substrate stiffness. This
way, we have shown how substrate stiffness induces a wetting
transition between a droplet-like cell aggregate and a spread-
ing monolayer, explaining experimental observations [11, 16].
We have predicted that the critical stiffness for tissue wetting
decreases with tissue size. Further experiments are required
to test this prediction. Moreover, we have also explained how
gradients of substrate stiffness may give rise to collective cell
migration towards increasing stiffness, a behavior known as
tissue durotaxis. We have detailed two mechanisms for tissue
durotaxis, one based on different wetting states and the other
on hydrodynamic interactions between the tissue interfaces.
Both mechanisms can coexist, but they can be discriminated
because the latter is lost for sufficiently wide cell monolayers.
Thus, further systematic experiments are required to assess the
relative contributions of the two durotactic mechanisms that
we have unveiled. Overall, our results show how the adap-
tation of cellular traction forces to substrate stiffness impacts
the collective migration and the active wetting properties of
epithelial tissues.
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